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Three-body recombination is a prime example of the fundamental interaction between three particles. Due to the complexity of
this process it has resisted a comprehensive description. Experimental investigations have mainly focussed on the observation of
corresponding loss rates without revealing information on the reaction products. Here, we provide the first general experimental
study on the population distribution of molecular quantum states after three-body recombination in a non-resonant regime. We have
developed a highly sensitive detection scheme which combines photoionization of the molecules with subsequent ion trapping. By
analyzing the ionization spectrum, we identify the population of energy levels with binding energies up to h × 750 GHz. We find
a broad population of electronic and nuclear spin states and determine a range of populated vibrational and rotational states. The
method presented here can be expanded to provide a full survey of the products of the recombination process. This may be pivotal in
developing an in-depth model that can qualitatively and quantitatively predict the reaction products of three-body recombination.
While cold collisions of two atoms are understood to an excellent
degree, the addition of a third collision partner drastically complicates
the interaction dynamics. In the context of Bose-Einstein condensa-
tion in atomic gases, three-body recombination plays a crucial role1–4
and it constitutes a current frontier of few-body physics5–7. However,
the investigations focussed mainly on the atom loss rates established
by the recombination events. Discussions of the final states popu-
lated in the recombination process were restricted to the special case of
large two-body scattering lengths8,9 and culminated in the prediction
and observation of Efimov resonances10–12. In the limit of large scat-
tering lengths, recombination has been seen to predominantly yield
molecules in the most weakly bound states 13,14. However, in the
more general case of a scattering length comparable to the van der
Waals radius, the recombination products might depend on details of
the interaction potential. In fact, ongoing theoretical studies using
simplified models indicate that recombination does not necessarily al-
ways favor the most weakly bound state 15(see also 16). In general, re-
combination processes are of fundamental interest in various physical
systems1,17,18 . The control and tunability of ultracold atomic systems
provide an experimental testbed for a detailed understanding of the
nature of these processes.
Here, we demonstrate the probing of molecules with binding ener-
gies up to h × 750 GHz (where h is Planck’s constant) generated via
three-body recombination of ultracold thermal 87Rb atoms. We pro-
duce the atomic sample in an optical dipole trap located within a linear
Paul trap. The recombination and detection process is illustrated in
Fig. 1a-d. Following a recombination event, the created Rb2 molecule
can undergo resonance-enhanced multi-photon ionization (REMPI) by
absorbing photons from the dipole trap laser at a wavelength around
1064.5nm. The ion is then captured in the Paul trap and detected essen-
tially background-free with very high sensitivity on the single particle
level. Fig. 1e shows a simplified scheme of the Rb2 and Rb+2 poten-
tial energy curves. From weakly-bound molecular states three photons
suffice to reach the molecular ionization threshold. An additional pho-
ton may dissociate the molecular ion. By scanning the frequency of the
dipole trap laser by more than 60 GHz we obtained a high resolution
spectrum featuring more than 100 resonance peaks. This dense and
Figure 1 | Illustration of recombination and ionization in the atom-ion
trap. a, A three-body collision in the ultracold gas of 87Rb atoms leads
to a recombination event in which, b, a Rb2 molecule is formed with
high kinetic energy. c, While the atom is lost from the trap, the molecule
can be photoionized in a REMPI process and trapped in the Paul trap.
d, The relative positions of the atom and ion trap centers are shifted by
about 300µm to avoid atom-ion collisions. e, Potential energy curves of
the Rb2 and Rb+2 molecule adapted from refs 19,20. The curves A, b, c,
are A1Σ+u , b
3Πu, c3Σ+u . The internuclear distance is given in units
of Bohr radii a0. A REMPI path with three photons is shown. It can
create Rb+2 ions in vibrational states up to v ≈ 17.
complex spectrum contains information which vibrational, rotational
and hyperfine levels of the Rb2 molecule are populated. We present an
analysis of these data and make a first assignment of the most promi-
nent resonances. This assignment indicates that in the recombination
events a broad range of levels is populated in terms of vibrational, ro-
tational, electronic and nuclear spin quantum numbers.
Our experimental scheme to detect cold molecules makes use of
the generally excellent detection efficiencies attainable for trapped
ions. It is related to proven techniques where cold molecules in
magneto-optical traps were photoionized from the singlet and triplet
ground states19,21–25 (see also ref 26). Our method is novel as it intro-
duces the usage of a hybrid atom-ion trap which significantly improves
the detection sensitivity. We perform the following experimental se-
quence. A thermal atomic sample typically containing Nat ≈ 5× 105
spin-polarized 87Rb atoms in the |F = 1, mF = −1〉 hyperfine state
is prepared in a crossed optical dipole trap at a magnetic field of about
5 G. The trap is positioned onto the nodal line of the radiofrequency
field of a linear Paul trap. Along the axis of the Paul trap the centers
of the atom and ion trap are separated by about 300 µm to avoid un-
wanted atom-ion collisions (Fig. 1d). At atomic temperatures of about
700nK and peak densities n0 ≈ 5×1013 cm−3 the total three-body re-
combination rate in the gas is Γrec = L3n20Nat/35/2 ≈ 10 kHz. Here,
the three-body loss rate coefficient L3 was taken from ref 3. At the rate
Γrec, pairs of Rb2 molecules and Rb atoms are formed as final products
of the reactions. Both atom and molecule would generally be lost from
the shallow neutral particle trap due to the comparatively large kinetic
energy they gain in the recombination event (in our case typically on
the order of a few K ×kB where kB is the Boltzmann constant). The
molecule, however, can be state-selectively ionized in a REMPI pro-
cess driven by the dipole trap laser. All of these molecular ions remain
trapped in the deep Paul trap and are detected with single particle sen-
sitivity (see Methods). In each experimental run, we hold the atomic
sample for a time τ ≈ 10 s. After this time we measure the number of
produced ions in the trap from which we derive (after averaging over
tens of runs) the ion production rate Γion normalized to a cloud atom
number of 106 atoms.
As a consistency check of our assumption that Rb2 molecules
are ionized in the REMPI process, we verify the production of Rb+2
molecules. For this, we perform ion mass spectrometry in the Paul
trap (see Methods). We detect primarily molecular Rb+2 ions, a good
fraction of atomic Rb+ ions but no Rb+3 ions. Our experiments show
that Rb+ ions are produced in light-assisted collisions of Rb+2 ions
with Rb atoms on timescales below a few ms. Details of this dissocia-
tion mechanism are currently under investigation and will be discussed
elsewhere.
Two pathways for the production of our neutral Rb2 molecules
come immediately to mind. One pathway is far-off-resonant photoas-
sociation of two colliding Rb atoms (here with a detuning of about
500 GHz×h). This pathway can be ruled out using several arguments,
the background of which will be discussed in more depth later. For
one, we observe molecules with a parity that is incompatible with pho-
toassociation of totally spin polarized ensembles. Furthermore, we
observe a dependence of the ion production rate on light intensity that
is too weak to explain photoassociation.
The second pathway is three-body recombination of Rb atoms. In-
deed, by investigating the dependence of the ion production rate Γion
(which is normalized to a cloud atom number of 106 atoms) on atomic
density, we find the expected quadratic dependence (see Fig. 2). For
this measurement the density was adjusted by varying the cloud atom
number while keeping the light intensity of the dipole trap constant.
Next, we investigate the dependence of the ion production rate on
Figure 2 | Dependence of the ion production rate Γion on atomic density.
Γion is normalized to a cloud atom number of 106 atoms. The data are
well described by a quadratic fit (solid green line). They were taken
at a constant dipole trap laser intensity IL = 36 kW/cm2 and a laser
frequency of νL = 281630 GHz.
the wavelength of the narrow-linewidth dipole trap laser (see Meth-
ods). We scan the wavelength over a range of about 0.3 nm around
1064.5 nm, corresponding to a frequency range of about 60 GHz. Typ-
ical frequency step sizes are 50 MHz or 100 MHz. We obtain a rich
spectrum of resonance lines which is shown in Fig. 3a. The quantity
Γ¯ion denotes the ion production rate normalized to the atom number of
the cloud and to the square of the atomic peak density. We find strongly
varying resonance strengths and at first sight fairly irregular frequency
spacings. In the following we will argue that most resonance lines can
be attributed to respective well-defined molecular levels (resolving vi-
brational, rotational and often even hyperfine structure) that have been
populated in the recombination process. These levels are located in the
triplet or singlet ground state, a3Σ+u and X1Σ+g , respectively. The rel-
atively dense distribution of these lines reflects that a fairly broad range
of states is populated. A direct assignment of the observed resonances
is challenging, as it hinges on the precise knowledge of the level struc-
ture of all the relevant ground and excited states. In the following we
will access and understand the data step by step.
One feature of the spectrum that catches the eye is the narrow
linewidth of many lines. For example, Fig. 3b shows a resonance of
which the substructures have typical half-widths ∆νr ≈ 50 MHz.
This allows us to roughly estimate the maximal binding energy of the
molecules involved. Since the velocity of the colliding ultracold atoms
is extremely low, the kinetics of the recombination products is domi-
nated by the released molecular binding energy Eb. Due to energy and
momentum conservation the molecules will be expelled from the re-
action with a molecular velocity vRb2 =
√
2Eb/(3mRb2) where mRb2
is the molecular mass. The molecular resonance frequency ν0 will
then be Doppler-broadened with a half-width ∆νD =
√
3ν0vRb2/2c.
Here, c is the speed of light. By comparing ∆νD to the observed val-
ues of ∆νr we estimate a maximal binding energy on the order of
Eb,max ≈ h × 2.5 THz. This simple analysis overestimates the value
Eb,max since it neglects the natural linewidth of the transition and pos-
sible saturation broadening. Still, it already strongly constrains the
possible populated molecular levels that are observed in our experi-
ment.
Next, we investigate the dependence of the ion production rate
on laser intensity IL. In our experimental setup, this measurement is
rather involved because the laser driving the REMPI process also con-
fines the atomic cloud. Thus, simply changing only the laser intensity
Figure 3 | REMPI spectrum. a, A scan of the dipole trap laser frequency νL over more than 60GHz around an offset frequency ν0L = 281.610THz
shows a multitude of resonance lines. Each data point is the result of 30 to 60 repetitions of the experiment with ion detection on the single particle
level. The total spectrum was obtained over a time span of 2 months. Checks of the long-term consistency of resonance positions and strengths
were performed. Spectral regions dominated by transitions to c3Σ+g are indicated by the shaded areas in dark and light blue (0−g and 1g
component, respectively). b, High-resolution scan of the strong resonance at νL − ν0L ≈ 0.5 GHz. c, Central spectral region with assigned P/R
branches of the transition X1Σ+g (v = 115) → A1Σ+u (v′ = 68). The corresponding quantum numbers I and J ′ are given). P(J) marks the
transition J → J + 1, R(J) the transition J → J − 1. These lines can be grouped into pairs sharing the same J ′ of the excited state and I
quantum number. The region where also transitions to b3Πu appear is marked by a green horizontal bar.
would undesirably also change the density n0 of the atoms. To pre-
vent this from happening we keep n0 constant (n0 ≈ 5× 1013 cm−3)
by adjusting the atom number and temperature appropriately. Due
to these experimental complications we can only vary IL roughly by
a factor of 2 (Fig. 4a). We set the laser frequency to the value of
νL = ν
0
L ≡ 281610 GHz, on the tail of a large resonance (see Fig. 3).
The atomic temperatures in this measurement range between 500 nK
and 1.1µK, well above the critical temperatures for Bose-Einstein con-
densation. The atomic densities can therefore be described using a
Maxwell-Boltzmann distribution. Assuming a simple power-law de-
pendence of the form Γ¯ion ∝ IαL we obtain the best fit using an ex-
ponent α = 1.5(1) (solid green line in Fig. 4a). This fit is between a
linear and a quadratic intensity dependence (dashed red and blue lines,
respectively). Thus, at least two of the three transitions composing the
ionization process are partially saturated at the typical intensities used.
In order to better circumvent possible density variations of the atomic
cloud induced by changes in laser intensity, we employ a further
method which enables us to vary the intensity with negligible effects
on the atomic sample. We achieve this by keeping the time-averaged
intensity 〈IL〉 constant and comparing the ion production rates within
a continuous dipole trap and a “chopped” dipole trap in which the in-
tensity is rapidly switched between 0 and 2IL. In both cases the trap
is operated at an intensity 〈IL〉 ≈ 15 kW/cm2. In the “chopped” con-
figuration the intensity is switched at a frequency of 100 kHz so that
the atoms are exposed to the light for 5 µs followed by 5 µs without
light. It should be noted that molecules formed in the “dark” period
with sufficiently high kinetic energies may leave the central trapping
region before the laser light is switched back on. They are then lost for
our REMPI detection. Taking into account the molecular velocity and
the transverse extensions of the laser beams we can estimate that this
potential loss mechanism leads to errors of less than 30%, even at the
highest binding energies relevant to this work (Eb ≈ h×750GHz, see
below). We did not observe evidence of such losses experimentally.
Investigations were made by changing the chopping frequency. We
define R as ratio of the ion production rates in the “chopped” and the
continuous trap configuration. Fig. 4b shows the results of these mea-
surements for various laser frequencies νL. We find a value R ≈ 1.5
for off-resonant frequency settings νL−ν0L < 0.4GHz, in good agree-
ment with the result presented in Fig. 4a. When scanning the laser onto
resonance at νL − ν0L ≈ 0.45 GHz (see also Fig. 3b) we obtain R ≈ 1.
This result indicates a linear intensity dependence of the REMPI pro-
cess in the resonant case, which is explained by the saturation of two
of the three molecular transitions involved. It is known that transitions
into the ionization continuum (photon III, see Fig. 1e) will not saturate
under the present experimental conditions. This means that the excita-
tion pathway via photon I and II must be saturated and therefore both
close to resonance.
However, given the wavelength range of about 1064.5±0.15 nm,
an inspection of the level structure shows that photon I can only reso-
nantly drive three different transitions which connect vibrational levels
in states X and a to vibrational levels in states A, b and c (see Fig. 1e).
Spectroscopic details for these transitions and the corresponding vi-
brational levels are given in the Methods section and in Fig. 5. From
recent spectroscopic studies27–29 and additional measurements in our
lab30 the level structure of all relevant levels of the X, a,A, b, and c
states is well known. The absolute precision of most of the level en-
ergies is far better than 1 GHz for low rotational quantum numbers
J .
Figure 4 | Dependence of the ion production rate on the intensity of the dipole trap laser. a, Assuming a power-law dependence Γ¯ion ∝ IαL , the
best fit to the data is achieved for α ≈ 1.5 (solid green line). Linear and quadratic fits are also given (blue and red dashed lines, respectively). b,
Measurement of the intensity dependence using a ”chopped” dipole trap. The ratio R ≈ 1 on resonance indicates saturation of both transitions I
and II.
In the experimental data (Fig. 3a) the central region from νL −
ν0L = −6 to 7GHz is marked by several prominent resonances that are
significantly stronger than those observed throughout the rest of the
spectrum. These resonance peaks can be explained by transitions from
the X ground state to A and b states. The prominence of these singlet
transitions is explained by the near degeneracy of levels due to small
hyperfine splittings. Indeed, by analyzing these strong resonances
with regard to line splittings and intensities it was possible to consis-
tently assign rotational ladders for total nuclear spin quantum numbers
I = 1, 2, 3 for the transition X(v = 115) → A(v′ = 68). The start-
ing point of the rotational ladder for I = 2 was fixed by previous spec-
troscopic measurements30. At frequencies νL−ν0L & 2GHz additional
strong lines appear that we attribute to theX(v = 109)→ b(v′ = 72)
transition. The fact that we observe X state molecules with I = 1, 2, 3
is interesting because for I = 1, 3 the total parity of the molecule is
negative, while for I = 0, 2 it is positive. However, a two-body col-
lision state of our spin polarized Rb atoms necessarily has positive
total parity due to symmetry arguments and a photoassociation path-
way would lead to ground state levels with positive parity. The ob-
served production of molecules with negative total parity must then be
a three-body collision effect.
We now consider the role of secondary atom-molecule collisions
which would change the product distribution due to molecular relax-
ation. Two aspects are of importance: 1) depopulation of detected
molecular levels and 2) population of detected molecular levels via re-
laxation from more weakly bound states. In our experiments reported
here we detect molecules that are formed in states with binding en-
ergies on the order of hundreds of GHz. These molecules leave the
reaction with kinetic energies of several K×kB. At these energies the
rate coefficients for depopulating atom-molecule collisions are small
(see e.g. ref. 16) and the collision probability before the molecule is
either ionized or has left the trap is below 1 %.
For the population processes, we can estimate an upper bound for rate
coefficients by assuming recombination to occur only into the most
weakly bound state with a binding energy of 24MHz×h. In this
case subsequent atom-molecule collision rates will be roughly com-
parable to those expected in the ultracold limit. At typical rate co-
efficients of 10−10 cm3/s (see refs. 31–34) and the atomic densities
n0 ∼ 1×1013 cm−3 used in the measurement shown in Fig. 2, the col-
lision probability before the molecule leaves the atom cloud is around
5 %. This small probability grows linearly with density so that the den-
sity dependence of the ion production rate should show a significant
cubic contribution if secondary collisions were involved (as expected
for this effective four-body process). This is inconsistent with the data
and thus indicates that the population that we detect is not significantly
altered by secondary collisions.
We can roughly estimate the range of molecular rotation J of the
populated levels in the ground state. The strong isolated lines that we
have assigned to the X (v = 115) → A (v′ = 68) transition are all
contained within a relatively small spectral region (|νL−ν0L| < 6GHz)
and are explained by rotational quantum numbers J ≤ 7. Population
of higher rotational quantum numbers would result in a continuation of
the strong resonance lines stretching to transition frequencies beyond
νL − ν0L = 10 GHz, which we do not observe. Similarly, if only
rotational quantum numbers J ≤ 5 were populated, a spectrum would
result which does not have enough lines to explain the data. Thus,
we can roughly set the limits on the molecular rotation to J ≤ 7, a
value that is also consistent with our observations of the spread of the
transitions X → b and a → c (see Fig. 5). Finding quantum numbers
as high as J = 7 is remarkable because the three-body collisions at µK
temperatures clearly take place in an s-wave regime, i.e. at vanishing
rotational angular momentum. Hence, one could expect to produce
X state molecules dominantly at J = 0, which, however, we do not
observe.
Despite the limited spectral range covered by our measurements,
we can already estimate the number of molecular vibrational lev-
els populated in the recombination events. From the three states
X (v = 109), a(v = 26) and X (v = 115) that we can observe within
our wavelength range, all deliver comparable signals in the spectrum
of Fig. 3. This suggests that at least all vibrational states more weakly
bound than X (v = 109) should be populated, a total of 38 vibrational
levels (counting both singlet and triplet states). This is a significant
fraction of the 169 existing levels of the X and a states, although re-
stricted to a comparatively small range of binding energies.
In conclusion, we have carried out a first, detailed experimental
study of the molecular reaction products after three-body recombina-
tion of ultracold Rb atoms. We use a high-power, narrow-linewidth
laser to state-selectively ionize the produced molecules in a REMPI
process. Subsequently, these ions are trapped in an ion trap and de-
tected with very high sensitivity and negligible background. An anal-
ysis of the ionization spectrum allows us to identify population of
several vibrational quantum levels indicating that the recombination
events result in a fairly broad and uniform population distribution.
We conjecture that dozens of vibrational levels are populated in total.
Figure 5 | Overview over relevant molecular levels and transitions. The
vertical axis denotes the energy Eb of the energetically lowest levels of
each vibrational manifold with respect to the 5s5s asymptote. Colored
thick arrows represent molecular transitions relevant to the spectrum
of Fig. 3. The expected relative strengths of these transitions are also
given. Grey arrows mark transitions that occur in the relevant spectral
region but are so weak that they can be neglected (for further spectro-
scopic details see Methods). We identify three main molecular transi-
tions for the initial step of the REMPI process. (1) Molecules in the
v = 26 vibrational level of the a3Σ+u potential are excited to the v′ = 0
level of the c3Σ+g potential. This level is split into a 1g and a 0−g com-
ponent. (2) Excitation from X1Σ+g (v = 115) to A1Σ+u (v′ = 68). (3)
Excitation from X1Σ+g (v = 109) to b3Πu(v′ = 72). Transition (3)
becomes possible through the strong spin-orbit coupling of the A and b
states.
Molecules are produced both in X1Σ+g as well as a3Σ+u , with nega-
tive and positive total parity, various total nuclear spins and rotational
quantum numbers reaching J ≤ 7. Our work represents a first ex-
perimental step towards a detailed understanding on how the reaction
channels in three-body recombination are populated. A full under-
standing will clearly require further experimental and theoretical ef-
forts. On the experimental side the scanning range has to be increased
and it could be advantageous to switch to a two-color REMPI scheme
in the future. Such studies may finally pave the way to a comprehen-
sive understanding of three-body recombination, which includes the
details of the final products.
Reaching beyond the scope of three-body recombination, the great
sensitivity of our detection scheme has enabled us to state-selectively
probe single molecules that are produced at rates of only a few Hz.
We thereby demonstrate a novel scheme for precision molecular spec-
troscopy in extremely dilute ensembles.
METHODS
Dipole trap and REMPI configuration. The crossed dipole trap is com-
posed of a horizontal and a vertical beam focussed to beam waists of
∼90 µm and ∼150 µm, respectively. It is positioned onto the nodal line
of the radiofrequency field of the linear Paul trap with µm precision. The
two trap centers are separated by about 300 µm along the axis of the Paul
trap (see Fig. 1d). In a typical configuration, the trap frequencies of the
dipole trap are (175, 230, 80)Hz resulting in atom cloud radii of about
(6, 7, 16)µm. The short-term frequency stability of the dipole trap laser
source is on the order of 1 kHz and it is stabilized against thermal drifts to
achieve long-term stability of a few MHz. The two beams of the dipole trap
are mutually detuned by 160MHz to avoid interference effects in the optical
trap. Consequently, two frequencies are in principle available to drive the
REMPI process. However, the intensity of the horizontal beam is 4 times
larger than the one of the vertical beam and we have not directly observed a
corresponding doubling of lines. Further details on the atom-ion apparatus
are given in ref 35.
Paul trap configuration. The linear Paul trap is driven at a radiofrequency
of 4.17 MHz and an amplitude of about 500 V resulting in radial confine-
ment with trap frequencies of (ωx,Ba, ωy,Ba) = 2pi × (220, 230) kHz for
a 138Ba+ ion. Axial confinement is achieved by applying static voltages
to two endcap electrodes yielding ωz,Ba = 2pi × 40.2 kHz. The trap fre-
quencies for ”dark” Rb+2 and Rb+ ions produced in the REMPI processes
are (mBa/mdark ×ωx,Ba,mBa/mdark ×ωy,Ba,
√
mBa/mdark ×ωz,Ba) where
mBa and mdark denote the mass of the Ba+ ion and the dark ion, respec-
tively. The depth of the Paul trap depends on the ionic mass and exceeds
2 eV for all ionic species relevant to this work.
Ion detection methods. We employ two methods to detect Rb+2 and Rb+
ions both of which are not amenable to fluorescence detection. In the first
of these methods we use a single trapped and laser-cooled 138Ba+ ion as
a probe. By recording its position and trapping frequencies in small ion
strings with up to 4 ions we detect both the number and the masses of the
ions following each REMPI process (see also36). The second method is
based on measuring the number of ions in the Paul trap by immersing them
into an atom cloud and recording the ion-induced atom loss after a hold
time of 2 s (see also37). During this detection scheme, we take care to
suppress further generation of ions by working with small and dilute atomic
clouds and by detuning the REMPI laser from resonance. Both methods are
background-free in the sense that no ions are captured on timescales of days
in the absence of the atom cloud. Further information on both detection
methods is given in the Supplementary Information.
Spectroscopic details. Spin-orbit and effective spin-spin coupling in the
A, b, and c states lead to Hund’s case c coupling where the relevant levels
of states A and b have 0u symmetry while the levels of state c3Σ+g are
grouped into 0−g and 1g components. The level structure of the 0+u states
is quite simple as it is dominated by rotational splittings. Typical rotational
constants for the electronically excited states are on the order of 400 MHz,
for the weakly bound X and a states they are around 100-150 MHz.
Figure 5 shows the relevant optical transitions between the X, a states
and the A, b, c states in our experiment. For the given expected relative
strengths of these transitions, we only consider Franck-Condon factors and
the mixing of singlet and triplet states, while electronic transition moments
are ignored. The colored arrows correspond to transitions with large enough
Franck-Condon factors (typ. 10−2...10−3) so that at laser powers of ≈
104 W/cm2 resonant transitions can be well saturated. Transitions marked
with grey arrows can be neglected due to weak transition strengths, resulting
from small Franck-Condon factors or dipole selection rules.
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Supplementary Information
In this Supplementary Information we describe two methods that
we employ to detect small numbers of Rb+2 and Rb+ ions in our linear
Paul trap.
Method 1
To implement our first ion detection method allowing mass-sensitive
detection of ”dark” ions we rely on the presence of a single ”bright”
ion in the trap. Information on additional ions can be extracted from
its fluorescence position. When using this method, our experimental
procedure begins with the loading of a single 138Ba+-ion into our
linear Paul trap. We laser-cool the ion and image its fluorescence
light onto an electron-multiplying charge-coupled device camera.
This enables us to determine the position of the trap center to
better than 100 nm. The ion is confined at radial and axial trapping
frequencies ω r,Ba ≈ 2pi × 220 kHz and ωax,Ba ≈ 2pi × 40.2 kHz and
typically remains trapped on timescales of days. Next, we prepare an
ultracold atomic sample in the crossed dipole trap. At typical atomic
temperatures of about 700 nK the atom cloud has radial and axial
extensions of about 7 µm and 15 µm and is thus much smaller than
the trapping volume of our Paul trap. To avoid atom-ion collisions
we shift the Ba+-ion by about 300 µm with respect to the atom cloud
before the atomic sample arrives in the Paul trap. The shifting is
performed along the axis of the trap by lowering the voltage on one
of the endcap electrodes. Additionally, we completely extinguish all
resonant laser light so that the atoms are only subjected to the light
of the dipole trap. The atomic sample is moved into the center of the
radial trapping potential of the Paul trap and is typically held at this
position for a time τ hold ≈ 10 s. Despite the axial offset from the
center of the Paul trap, the atom cloud at this position is fully localized
within the trapping volume of the Paul trap. After the hold time the
sample is detected using absorption imaging. Subsequently, the ion
cooling beams are switched back on for fluorescence detection of the
Ba+-ion.
The presence of a second ion in the trap leads to positional shifts of the
138Ba+-ion by distances on the order of 10 µm (see Fig. 1). We make
use of the mass-dependent trap frequencies of the Paul trap to gain
information on the ion species trapped. In a two-ion Coulomb crystal
composed of a Ba+-ion and a dark ion, the axial center-of-mass
frequency ω ax,2ion shifts with respect to ωax,Ba depending on the mass
of the dark ion mdark 38. We measure ω ax,2ion by modulating the
trap drive at frequencies ωmod and by monitoring the induced axial
oscillation of the Ba+-ion, visible as a blurring of the fluorescence
signal. In this way, after each ion trapping event, we identify a
resonance either at ωmod ≈ 2pi×44kHz or ωmod ≈ 2pi×38kHz corre-
sponding tomdark = 87u andmdark = 174u, respectively (see table 1).
We have expanded this method for ion strings with up to four ions
including the Ba+-ion. For this purpose, we perform the following
step-by-step analysis.
1. The position x of the Ba+-ion with respect to the trap center is
detected. If x 6= 0, the value of x allows us to directly determine
the total number of ions in the string.
2. If x = 0 we need to distinguish between a single Ba+ ion and a
Figure 1 | Ion detection using a 138Ba+-ion. Positional shifts of the
fluorescence of the Ba+-ion and measurements of the trap oscillation fre-
quencies allow us to perform mass-sensitive detection of up to three ”dark”
ions in the trap.
Table 1 | Trap oscillation frequencies of two-ion crystals
Ion species ω ax,2ion/2pi [kHz] ω r/2pi [kHz]
138Ba+ and 138Ba+ 40.2 220.0
138Ba+ and 87Rb+ 44.0 345.3
138Ba+ and 87Rb+2 37.7 170.7
three-ion string with Ba+ at its center. This is done by modulating
the trap drive at ωax,Ba, thereby only exciting the Ba+ ion if no
further ions are present.
3. We destructively detect the Rb+ ions by modulating the trap drive
on a 5 kHz wide band around 2 × ωr,Rb/(2pi) = 691 kHz. This
selectively removes only Rb+ ions from the string making use
of the relatively weak inter-ionic coupling when exciting the ions
radially.
4. Steps 1. and 2. are repeated to detect the number of remaining
ions.
5. The Rb+2 ions are destructively detected via modulation around
2× ωr,Rb2/(2pi) = 341 kHz.
Method 2
We have also developed a second ion detection method that does not
require an ion fluorescence signal. Instead, the trapped ions are de-
tected via their interaction with an atomic sample. For this purpose, we
produce a comparatively small atom cloud containing about 1 × 105
atoms at a density of a few 1012 cm−3. In addition, we set the fre-
quency of the dipole trap laser to an off-resonant value so that the pro-
duction of additional ions during the ion probing procedure becomes
extremely unlikely. We now fully overlap the ion and atom traps for
an interaction time τint = 2 s. By applying an external electric field
of several V/m we set the ion excess micromotion energy to values on
the order of tens of kB×mK 37,39. Consequently, if ions are present in
the trap, strong atom losses occur due to elastic atom-ion collisions.
Fig.2 shows a histogram of the atom numbers of the probe atom sam-
ples consisting of the outcome of about 1,000 experimental runs. The
histogram displays several peaks which can be assigned to the discrete
Figure 2 | Ion detection method based on ion-induced atom loss.
We overlap an ultracold atom cloud containing approximately 110,000
atoms with the center of the Paul trap. After an interaction time τ = 2 s
we detect the ion-induced atom loss via absorption imaging of the atom
cloud. The discrete number of trapped ions is clearly reflected in the dis-
played histogram of atom numbers.
number of ions in the trap. Up to five ions were trapped simultane-
ously and detected with high fidelity. The atom loss rate increases
nonlinearly with ion number mainly because the interionic repulsion
prevents the ions from all occupying the trap center where the atomic
density is maximal. While ion detection method 2 does not distinguish
ionic masses, it has advantages in terms of experimental stability and
does not require the trapping of ions amenable to laser cooling or other
fluorescence based detection techniques.
